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Abstract. The design of aperture shape is a promising approach for enhanced transmission 
through a subwavelength aperture. We designed split-ring-resonator (SRR)-shaped apertures in 
order to increase the transmission through subwavelength apertures by making use of the strong 
localization of the electromagnetic field in SRR-shaped apertures. We obtained a promising 
result of 104-fold enhancement by utilizing SRR-shaped apertures. It is possible to use these 
proposed structures at optical frequencies by making several modifications such as decreasing the 
sharpness of edges and increasing the gap width. Since SRRs are already being realized at optical 
frequencies, our proposed SRR-shaped aperture structures are promising candidates for novel 
applications. © 2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOl: 10.1117/1.3599873] 
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1 Introduction 
The study and debates on the characterization of wave propagation through a hole in a screen have 
been ongoing for centuries. In the middle ofthe 17th century, Grimaldi described diffraction from 
a circular aperture, which contributed to the foundation of classical optics. I As classical optics 
suggests, Grimaldi's description was only for a circular aperture much larger than a wavelength. 
In 1944, Bethe gave a theoretical characterization of electromagnetic wave transmission through 
a subwavelength circular hole (aperture) in a perfect conductor metal screen of zero thickness, 
and suggested that the amplitude of the transmitted wave is proportional to the square of 
the area of a subwavelength aperture with k· (rj)..)4, where the radius (r) of the aperture is 
much smaller than the wavelength ()..) of the incident electromagnetic wave (r « )..).2 In other 
words, the transmitted wave is proportional to the square of the aperture area and is inversely 
proportional to the fourth power of the excitation signal's wavelength. According to Bethe's 
ideal theoretical structure, the transmission spectra for an aperture of radius r«).. has a rapidly 
decreasing transmission with the increased wavelength of an incident field by a power of 4. 
Bethe's theory holds true for idealized situations, in which the enhancement of electromagnetic 
wave propagation beyond the limit of Bethe's suggestion could be obtained by utilizing novel 
methods to improve the coupling of an incident wave and aperture.3-6 
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The advances in characterization and fabrication techniques enabled researchers to work 
more on decreasing the severe effects of extremely high transmission loss and the diffraction 
oflight through a subwavelength aperture. In 1998, "extraordinary optical transmission (EOT)" 
phenomena were reported by the seminal work of Ebbesen et al.7 It was shown that the cou-
pling of light with the surface plasmons (SPs) of a two-dimensional array of sub-wavelength 
holes in tum yields a strong enhancement of transmitted light, which is above the limit of 
Bethe's prediction. This new era has attracted the interest of researchers on the enhancement 
of"lightlelectromagnetic wave" transmission through sub-wavelength apertures. The following 
works8- 1l on the characterization of EOT phenomenon approved the involvement of surface 
plasmons, and also showed that the interplay between light and the resonant excitation of SPs, 
which are induced by a periodic array of holes, causes the EOT. The EOT phenomenon and new 
fabrication techniques opened up significant opportunities to new research areas and applica-
tions, such as new probes for the scanning near-field optical microscope (SNOM),12 near-field 
optical recording,13 nanoscale lithography,14-16 an ultrafast miniature photodetector17 and novel 
improved microstrip and compact waveguide filters. 18-21 
Surface plasmons are the resonant excitations that are caused by the coupling between the 
free surface charges of metal and the incident electromagnetic field at the interface, separating 
a dielectric medium with a metal. Since metals at microwave frequencies possess very high 
conductance [metals behave similar to perfect electric conductors (PEes) in the microwave 
spectrum]; surface plasmons are not supposed to exist at the microwave frequency regime. 
Therefore, there has been a debate going on regarding a new way of explanation for EOT at 
microwave frequencies.22,23 In this approach, SPs are not considered to exist in the microwave 
regime, in which "spoof surface plasmons" that are very similar to SPs are fonned between 
the dielectric substrate and metal at microwave frequencies.24 SPs and spoof SPs serve in a 
similar way for guiding the electromagnetic wave to the aperture in order to, in tum, obtain an 
enhanced transmission. In our present work, we obtained enhanced transmission at microwave 
frequencies, wherein the metals act as perfect conductors. Therefore, localized surface plasmons 
do not contribute to the enhancement process. In addition, since grating structures are not used 
in our approach, there is no significant contribution of surface waves to enhanced transmission. 
As we will show in the following, the strong localized fields around split-ring resonator (SRR)-
based novel structures couple to the incident electromagnetic field through a resonant process, 
causing a strong extraordinary transmission of electromagnetic waves. 
2 Design and Fabrication of Sub-Wavelength Aperture Structures 
We investigated novel structures that are utilized for the enhanced transmission of electro-
magnetic waves through a single subwavelength aperture. Previous studies have shown that 
an aperture with rectangular24 and ellipticaI25 shapes in tum yield enhanced transmission for 
the specific polarization of an incident electromagnetic wave. Furthermore, enhanced trans-
mission through a subwavelength aperture, by utilizing SRR structures, was previously shown 
theoretically26 and experimentally. 27 
The manipulation of the aperture shapes is a promising approach for enhanced transmission 
through subwavelength apertures. In the present work, we utilized SRR-shaped apertures in order 
to increase the transmission through a subwavelength aperture by using the strong localization 
characteristics of SRR structures.28 
The idea of an SRR-shaped aperture stems from Babinet's principal.29,3o By using Babinet's 
principle, we can anticipate that the reflected fields of the SRR structure for a given incident 
polarization are supposed to be similar to the transmittance spectra of the complementary SRR-
shaped aperture for orthogonal polarization. Since SRR is a strong resonator structure, there 
exists a dip in the transmittance spectra at the resonance frequency. The dip in the transmission 
spectrum ofthe SRR corresponds to a peak in the reflection spectrum. Therefore, we can utilize 
this peak in order to obtain enhanced transmission through subwavelength apertures according 
to Babinet's principle. 
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Fig. 1 Unit cell of the SRR structure. 
First, we performed simulations on an SRR structure. Split-ring resonator structures comprise 
two concentric copper rings with splits oriented at opposite sides. Figure 1 shows a schematic 
representation of the SRR that we used. The gap between the inner and outer rings (t), and 
the width of the splits (d), are 0.2 mm, the metal width (w) is 0.9 mm, and the outer radius of 
the SRR structure is 3.6 mm. SRR is deposited on a commercial FR4 dielectric board with a 
thickness of 1.6 mm.31 •32 
The simulation of the single SRR structure was carried out by modeling a waveguide-
like structure. Namely, two waveguide ports were used to obtain S-21 data. Open boundary 
conditions were employed along the propagation direction (+x and -x). Electric (Et = 0) 
boundary conditions were used for the -y and +y direction. In addition, magnetic (HI = 0) 
boundary conditions were used for the -z and +z direction. 
Figure 2(b) shows the calculated transmission and reflection spectrum of the SRR structure. 
There is a peak in the reflection spectrum. Therefore, we expected to have a peak in the 
transmission spectrum ofthe SRR-shaped aperture for the orthogonal polarization of an incident 
wave (in accordance with Babinet's principle). 
The numerical simulations were performed by the commercially available software, CST 
Microwave Studio. We modeled the complete scene in a real electromagnetic measurement 
setup in order to decrease the deviations from the experimental results. Namely, two waveguide 
antennas, including the waveguide feed structures and the device under test (DUT), were modeled 
(Fig. 3). Open boundary conditions were applied along all directions and PEC approximation was 
used for metal parts in the simulations. Since metals are very good conductors at the microwave 
spectrum and the open boundary conditions can be obtained by using absorbers around the 
measurement setup, the approximations that are used in the simulations are reasonable and 
acceptable. 
The metallic plate with an aperture is placed 0.1 mm away from the transmitter antenna 
and the receiver antenna is located 5 cm away from the transmitter antenna. The operating 
wavelengths of the structures are between 5 and 10 cm. Since subwavelength resonances can 
be obtained when the input is trigerred at close proximity of aperture, we put the transmitting 
waveguide at a subwavelength distance and we optimized the distance by making the resonance 
peak maximum. On the other hand, the sample and receiving antenna should not be very 
close to avoid unwanted coupling at the output signal. Therefore, we put the receiving antenna 
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Fig. 2 (a) Schematic representation of the SRR_A structure as given in Sec. 3. (b) Transmission 
(S21) and reflection (S11) spectra of the SRR_A structure. 
approximately at a wavelength distance. Also, we cannot put the receiving antenna at a further 
distance, because our measurement devices will not be able to detect very small signals. 
The SRR-shaped aperture is complementary to an exact replica of the SRR_A structure. 
The SRR-shaped aperture is modeled by subtracting the SRR_A structure from a square metal 
plate with a size of L x L (L = 200 mm). The metal plate is composed of a copper metal with 
a thickness of 30 JJ.m and a 1.6-mm thick commercial FR-4 PCB substrate. Figure 4 shows a 
schematic representation of the SRR-shaped aperture that we used. The gap between the inner 
and outer rings (t); and the width of the splits (d) are 0.2 mm, the ring width (w) is 0.9 mm, 
and the outer radius ofthe SRR structure is 3.6 mm (SRR_A type configuration). The dielectric 
constant of the FR-4 dielectric substrate is taken as e = 3.6 with a tangent loss of 8 = 0.01. 
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Fig. 3 Schematics of two waveguide antennas, including the waveguide feed structures and 
the DUT. 
Fig. 4 Schematic representation of the SRR-shaped aperture (dark-colored parts are the metal 
plate and the light-colored parts are the gaps). 
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Fig. 5 The calculated transmission spectrum of the SRR-shaped structure and a single aperture. 
The enhancement spectrum obtained by employing the SRR-shaped structure is given in the 
inset. 
Figure 5 shows the calculated transmission result ofthe SRR-shaped aperture, which demon-
strated an extraordinary transmission peak. 
The extraordinary transmission result that was observed at the response of SRR-shaped 
aperture confirms that our expectation, which is based on Babinet's principle, holds. This 
novel approach opens up significant opportunities to utilize several resonator structures for 
obtaining extraordinary transmission through subwavelength apertures. In the present work, we 
investigated SRR-shaped apertures for increasing the transmission through a subwavelength 
aperture. 
The simulation results of the SRR-shaped structure and a single aperture show significant 
enhancement in the transmission of a single subwave1ength aperture (Fig. 5). 
The enhancement in the transmission through an aperture is defined as the ratio of the 
field intensity of the transmitted electromagnetic wave through an SRR-shaped aperture to that 
through the aperture only. The inset of Fig. 5 shows the enhancement that was obtained by 
manipulating the shape of the aperture as the SRR-shaped aperture. We obtained a 346-fold 
transmission enhancement at 3.84 GHz. It is noteworthy that the enhancement peak is very 
close to the resonance frequency ofthe SRR structure.27 The resonance coupling ofthe incident 
electromagnetic wave to the SRR-shaped aperture causes the strong localization of the electric 
field at the splits and gaps of the SRR-shaped aperture. Therefore, the resonator characteristic 
of SRR is responsible for the confined electromagnetic waves in the SRR-shaped aperture. We 
checked the role of the SRR characteristics on the enhanced transmission through an SRR-
shaped aperture by closing the split regions of the structure, in which the structure became a 
closed ring resonator (CRR)-shaped aperture [Fig. 6(a)]. Since the resonant behavior of SRR 
diminishes by closing the splits, the role of the resonant structure of SRR on the enhancement 
mechanism of an SRR-shaped aperture is evident [Fig. 6(b)]. 
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Fig. 6 (a) Schematic representation of the CRR-shaped aperture. (b) Transmission spectrum of 
the CRR-shaped aperture and the SRR-shaped aperture. 
After the successful demonstration of enhanced transmission through SRR-shaped aperture, 
we simulated, manufactured, and measured several other types of split ring resonator structures 
in order to better characterize the novel approach/structure that we proposed. We perfonned a 
parametric study of an SRR-shaped aperture, and we also investigated single-ring SRR-shaped 
apertures. We mostly used square-shaped structures due to ease of fabrication for the applications 
at optical frequencies. The schematic representations of the proposed structures are shown in 
Fig. 7. 
We investigated the enhanced microwave transmission through subwavelength apertures for 
12 different samples. The maximum length of all the samples was 7.2 mm, which corresponds 
to approximately 0.1 .A at the resonance frequency of the SRR structures (~3 to 4 GHz). 
Figure 8{ a) is the numerical simulation results of the transmission intensity of the electro-
magnetic wave that propagates through the proposed SRR-shaped apertures. 
As can be seen in Fig 8, the transmission through the subwavelength aperture is significantly 
increased when SRR-shaped apertures are placed instead of only apertures. Moreover, we 
observed that the annular apertures (samples 3,8, and 12) transmit electromagnetic waves very 
close to the single aperture sample (sample 4), which indicates that SRR-shaped apertures show 
superior perfonnance versus annular apertures in tenns of subwavelength aperture transmission. 
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Fig. 7 The schematics of the proposed SRR-shaped aperture structures (gray parts are the 
metal plate and the blue parts are the gaps). The insets demonstrate the fabricated samples. 
This also shows the effect of the resonant coupling mechanism via SRR-shaped apertures. 
The resonance of SRR enables the coupling of the incident wave to the transmitted wave. 
Figure 8(b) shows the enhancement values of the simulated structures. 
Moreover, some of the peaks that are shown in Fig. 8(a) are not available in Fig. 8(b), 
because transmission through a subwavelength aperture (sample 4 and circular aperture) in-
creases with the power of 4 as the frequency increases. Therefore, certain peaks at the end of 
the interested frequency spectrum disappear in the enhancement plot as a result of an increase 
in the transmission through the aperture at higher frequencies. 
After demonstrating this significant enhancement by the proposed structures, we fabricated 
and experimentally measured the samples in order to confirm the performance of novel struc-
tures. 
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Fig. 8 Calculated (a) transmission results and (b) enhancement results of the proposed SRR-
shaped apertures that are shown in Fig. 7. 
We used an experimental setup comprising an Agilent N5230A portable network analyzer, 
two waveguide ports, and the proper SMA cables. The waveguide ports were used as the 
transmitter and the receiver and were connected to the network analyzer with SMA cables. In the 
measurements, the metallic plate with an aperture was placed 0.1 mm away from the transmitter 
antenna and the receiver antenna was located 5 em away from the transmitter antenna, just as 
we modeled in the numerical simulations. Waveguide ports were employed as transmitter and 
receiver antennas. The propagation of the incident polarized EM wave was along the z-axis, 
whereas the E-field was along the y direction, and the H-fieid was along the x direction. 
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Fig. 9 Measured (a) transmission spectrum and (b) enhancement spectrum of the proposed 
SRR-shaped apertures. 
The insets of Fig. 7 represent the fabricated structures. These samples were fabricated by 
using a computer numerical control (CNC) machine with a process resolution 0[0.1 mm. Figure 
9(a) displays the measured transmission spectra of the 12 samples. The enhancement values of 
the experimentally measured samples are shown in Fig. 9(b). 
The experimental and numerical transmission results are in good agreement, which indicates 
that our proposed structures for achieving significant enhancement are properly designed for 
simulations. Table 1 is a summary of transmission and enhancement values of the proposed 
structures. 
Sample-4 is the reference sample for our measurements. As we stated above, the subwave-
length apertures transmit very poorly and diffract electromagnetic radiation in all directions. 
Therefore, all of the samples were designed on a 20 cm x 20 cm metal plate in order to better 
collect the transmitted wave and better isolate the incident wave and transmitted wave. 
Sample-l has the highest transmission wavelength (lowest radius to the wavelength ratio) 
as a result of the additional splits and rings compared to the other samples. Furthermore, we 
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Table 1 Measured transmission and enhancement values of proposed structures. 
peak frequency Transmission Enhancement 
(GHz) peak (arb. units) peak (arb. units) 
w d/t rll 
(mm) (mm) (mm) Sim. Exp. Sim. Exp. Sim. Exp. 
Sample 1 0.9 0.210.2 7.2 3.42 3.13 0.051 0.033 20 30 
Sample 2 0.9 0.2 3.6 4.73 4.41 0.35 0.25 20 36 
Sample 3 0.9 -10.2 7.2 N/A N/A N/A N/A N/A N/A 
Sample 4 7.2 N/A N/A N/A N/A N/A N/A 
Sample 5 0.45 0.2 7.2 3.73 3.58 0.35 0.29 80 104 
Sample 6 0.9 0.2 7.2 3.93 3.79 0.49 0.37 66 62 
Sample 7 1.8 0.2 7.2 4.87 4.49 0.49 0.43 N/A N/A 
Sample 8 0.9 7.2 N/A N/A N/A N/A N/A N/A 
Sample 9 0.9 0.45 7.2 4.15 3.99 0.52 0.43 47 55 
Sample 10 0.9 0.9 7.2 4.26 4.13 0.54 0.48 37 46 
Sample 11 0.9 5.4 7.2 5.31 5.13 0.66 0.56 N/A NlA 
Sample 12 0.9 7.2 N/A N/A N/A N/A N/A N/A 
observed that as the ring width decreases, the transmission enhancement and transmission peak 
frequency increases; this is because the decreased width of the SRR-shaped apertures increases 
the coupling between the plate at the center and the surrounding large plane, which increases 
the resonant coupling. 
We also investigated the effect of a split width on the enhancement peak. The enhancement 
value of the samples decreases as we increase the split width. Furthermore, the resonance 
peak frequency increases with the increasing split width. The split width is very crucial for 
the resonance of SRR. The effect of increasing the split width is also very important for the 
application of our proposed structures at optical frequencies. Since the fabrication of sample-II 
is the easiest among all the others, it will be a better choice for higher frequencies compared to 
structures with complicated shapes. As we can see from the results, we obtained a significant 
transmission peak, which is very promising for higher frequency applications. 
Finally, we investigated the effect of the shape of SRR on the enhancement. We fabri-
cated sample-2 and sample-12 for observing the effect of the SRR-type. The transmission of 
sample-I2 is as we expected, very low. However, we obtained a significant enhancement (35.58-
fold) by only utilizing a small wire that makes the structure an SRR-shaped structure (sample-2). 
We used a circular aperture (radius 3.6 mm) as the reference sample for circular SRR-shaped 
aperture structures for a fair comparison. 
The metal that we used in our structures is very close to a perfect conductor at microwave 
frequencies. Therefore, localized surface plasmons do not contribute to the enhanced transmis-
sion. The enhancement stems from the strongly localized fields that are caused by the resonant 
process of SRR-shaped aperture to the subwavelength aperture. 
3 Conclusion 
In summary, we demonstrated several novel structures to increase the transmission through 
a subwavelength aperture. We obtained a I04-fold enhancement at microwave frequencies 
by utilizing SRR-shaped apertures. Enhanced transmission through a subwavelength aper-
ture has become a current subject of intense research due to a wide range of applications 
of this phenomenon.33- 35 As SRRs are already being realized at optical frequencies,31,32 
it is possible to use these SRR-based structures for new optical applications, such as new 
probes for near-field optical recording, SNOM, nanoscale lithography, and ultrafast miniature 
photodetectors. 
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